Introduction
Immunization with a papillomavirus virus-like particle (VLP) vaccine can induce high titers of antibodies and seroconversion in all vaccinated subjects (1, 2) . However, development of detectable antibodies against VLPs does not always occur after natural human papillomavirus (HPV) infection. For example, the seroprevalence of antibodies to HPV-16 VLPs among women with normal cytology who had HPV-16 DNA detected in cervicovaginal cells ranged from 46 to 59% in various studies (3) (4) (5) (6) . Host and viral factors associated with development of a humoral response against HPV and persistency of antibodies are not well known because most epidemiological studies on VLP serology have been cross-sectional and could not address the issues of seroconversion and duration of antibodies. This prospective study examined the natural history of antibodies against HPV-16 VLPs.
Materials and Methods
Study Population. Description of the study population was published previously (7, 8) . From a state university in New Brunswick, New Jersey, 608 female students were recruited through campus-wide advertisements. The mean age of subjects was 20 years (Ϯ SD ϭ 3), and the ethnic distribution was 57% white, 13% Hispanic, 12% black, 10% Asian, and 8% others. At baseline, the cervical HPV DNA prevalence was 26% (9). Subjects were followed at 6-month intervals for a maximum of 3 years, with a median of five visits/subject. At each visit, a self-administered questionnaire, which obtained demographic, behavioral, and lifestyle information since the last visit, was completed, and cervicovaginal lavage was obtained. Serum samples were collected at annual visits initially and at the 6-month visits in the last year of implementation of the study; 70% of consecutive serum samples were obtained within 9 -15 months. The study protocol was approved by the Institutional Review Board, and informed consent was obtained from all subjects. Detection of HPV DNA. Exfoliated cervicovaginal cells were obtained by lavage for HPV determination and typing by the PCR and Southern blot hybridization as described previously (9, 10) . HPV PCR products that did not hybridize to typespecific probes were considered to represent uncharacterized HPV types. A sample was considered HPV positive if either PCR or Southern blot was positive, and negative if both assays were negative. HPV types determined by PCR and Southern blot were combined for analyses. An infection with a low viral load was defined as HPV DNA detectable by PCR only, whereas a high level infection was detectable by both Southern blot and PCR. Detection of Antibodies against HPV-16 VLPs. Serum samples diluted 1:100 were tested for IgG and IgA antibodies to HPV-16 VLPs by a modified polymer ELISA as described previously (8, 11) . The absorbance cut points for seropositivity were determined by Receiver Operating Characteristic analyses in which the log-transformed absorbance values of subjects who were positive for HPV-16 DNA were compared with those of subjects who denied a history of vaginal sex and were also tested HPV-16 DNA negative. Because women with HPV-16 infection may not necessarily have detectable antibodies, the seropositivity cut points were chosen to maximize the speci-ficity among the women who were HPV-16 DNA negative. For the HPV-16 IgG assay, the cut point of log absorbance Ն Ϫ0.79 gave a sensitivity of 47% and specificity of 100%. For the HPV-16 IgA assay, the cut point of log absorbance Ն Ϫ1.00 gave a sensitivity of 24% and specificity of 100%. Serum samples were assayed in duplicate, and the serostatus was determined by applying the cut point to the mean log absorbance. The interassay reproducibility of serostatus of 575 baseline serum samples tested twice for IgG to HPV-16 VLPs was measured by Kappa statistics with ϭ 0.92 ;95% confidence interval (CI), 0.88 -0.97). For 31 samples tested twice for IgA, ϭ 0.86 (95% CI, 0.67-1.00). Statistical Analysis. The cumulative probabilities of acquiring and losing antibodies to HPV-16 VLPs were estimated by the Kaplan-Meier method. Baseline was used as the entry time when time to incident seroconversion of antibodies was analyzed. Visit date when HPV-16 DNA was first detected was used as the entry time when the goal was to estimate the time to seroconversion after HPV16 infection. For the analysis of antibody duration, the entry time was at first detection of antibodies to HPV-16 VLPs. The exit time for all analyses was at the time of event (seroconversion or loss of antibodies) or at the last visit (censored).
Five (4.7%) of 106 subjects and 1 (2.0%) of 50 subjects in whom IgG and IgA to HPV-16 VLPs was ever detected, respectively, had fluctuations in serostatus, i.e., seronegativity flanked by seropositivity. In the data analyses, these subjects were considered to have lost their antibodies. Viral, demographic, and behavioral risk factors were examined for their associations with the time to event (seroconversion or loss of antibodies) by time-dependent Cox proportional-hazards regression. Because the number of events for IgA was small, only descriptive data are presented, whereas more complete analyses were done for IgG. For behavioral variables (e.g., sexual activities and uses of cigarettes, alcohol, and oral contraceptive pills, and so on), the time-dependent exposure in the past 6 months was analyzed. For some timedependent variables, namely HPV DNA types and number of times HPV16 DNA was detected (0, 1, or Ն2 visits), the cumulative exposure status between the entry time and time t (i.e., Յ time t) was analyzed. For example, to estimate the association between HPV DNA types and risk for event by time t, subjects were classified into one of the following hierarchical categories based on the HPV types detected Յ time t: HPV-16 (highest priority), HPV-16-related types (namely HPVs 31, 33, 35, 52, or 58), other types, and HPV negative (lowest priority). If a subject was infected with multiple HPV types at one time, classification into a higher priority category took precedence. The exposure status would change at a later time point only if an HPV type in a higher priority category was detected. Similarly, whether a subject had persistent HPV-16 infection for Ն2 visits between the entry time and time t was indicated in a time-varying variable. Because most serum samples for antibodies to HPV-16 VLPs were collected annually, whereas lavage samples for HPV DNA were obtained every 6 months, the outcome measurement (seroconversion or loss of antibodies) was not available for each 6-month visit. By analyzing cumulative HPV DNA status as described above, HPV DNA data of all visits, regardless of whether antibody status was known, were analyzed.
The statistical software packages SAS and Stata were used for data analyses (12, 13). All Ps presented are two-sided.
Results

Seroconversion of IgG to HPV-16 VLPs.
Among the 403 women who were seronegative at baseline and had at least one serum sample during follow-up, 25 women became seropositive, and the cumulative 36-month incidence of seroconversion was 7.2% (95% CI, 4.4 -10.1). Table 1 shows the effects of demographic and viral factors on the development of IgG to HPV-16 VLPs. There was no correlation between age and seroconversion [relative risk (RR)/year increase in age ϭ 0.93, P ϭ 0.474]. African Americans tended to have a higher risk for seropositivity than other ethnic groups combined (RR ϭ 2.03, P ϭ 0.158). Subjects infected with HPV-16 or HPV-16-related types (i.e., HPVs 31, 33, 35, 52, and 58) were more likely to seroconvert than those who were HPV negative or infected with other HPV types. Women with HPV-16 had an 8-fold increased chance of becoming seropositive than women with HPV-16-related types (RR ϭ 8.32, P ϭ 0.001). The subjects who had HPV-16 or HPV-16-related types were additionally partitioned by viral load as well as by persistency. Subjects who had a high viral load infection with HPV-16 or HPV-16-related types were more likely to seroconvert than those who only had a low viral load infection with HPV-16 or HPV-16-related types (RR ϭ 2.87, P ϭ 0.059). Individuals who had persistent infection with HPV-16 or related types for Ն2 visits did not seem to have an increased risk as compared with those without persistent infection (RR ϭ 0.87, P ϭ 0.756). Of the 25 individuals with seroconversion of IgG, none had preceding IgA. Rather, IgG and IgA tended to occur together: subjects who had IgA at a given visit were 15 times more likely to have IgG detected at the same visit (P Ͻ 0.001), and seropositivity of IgG increased with the IgA antibody levels.
Among 28 subjects who had an incident infection of HPV-16, 13 women seroconverted. The median time from detection of HPV-16 DNA to detection of IgG was 8.3 months, and the 12-month cumulative incidence of seroconversion was 56.7% (95% CI, 34.0 -79.4). Women who had persistent infection of HPV-16 for Ն2 visits did not show an increased risk of seroconversion (Table 1 ). In fact, 7 (53.8%) of the 13 seroconverters had their first IgG antibodies as well as first HPV-16 DNA detected in the same visit. Seroconversion, however, was significantly associated with viral load of HPV-16 when it was first detected.
The relationships between seroconversion of IgG to HPV-16 VLPs and various behavioral variables were examined univariately by time-dependent Cox regression analysis. Age at first coitus, number of years of vaginal sex experience, frequencies of vaginal and nonvaginal sex, numbers of regular and casual sex partners, and usages of condoms, cigarettes, alcohol, and drugs were not significant risk factors for seroconversion (data not shown). The numbers of men for vaginal sex in lifetime and in the past 6 months were positively associated with the likelihood of seroconversion in univariate analysis but not in multivariate analysis after controlling for HPV infection.
The final multivariate model in Table 2 shows that women who were using oral contraceptive pills at the time of blood draw had almost a 3-fold increased chance for IgG seropositivity, and this relationship was attenuated if age was excluded from the model. Other variables that were significantly associated with seroconversion of IgG included a high viral load of infection with HPV-16 or related types as well as a coexistence of IgA antibodies. Duration of IgG to HPV-16 VLPs. Of 106 subjects who were seropositive for IgG at baseline or during follow-up, 87 had at least one serum sample after the first seropositive sample, and IgG to HPV-16 VLPs were not detected in 37 women subsequently. The cumulative probabilities of losing IgG by 12, 24, and 36 months were 38.5, 40.0, and 48.2%, respectively. Table  3 presents the factors associated with loss of IgG antibodies. Duration of antibody was not related to age, ethnicity, or whether seropositivity was detected at baseline versus during follow-up, but it was associated with the antibody level of the first seropositive sample. Individuals with a low initial absorbance had an increased risk of losing the IgG antibodies (RR ϭ 2.0 for 0.1 unit decrease in log absorbance, P Ͻ 0.0001). The 24-month probabilities of losing the antibodies were 74.8 and 4.7% for the subjects with initial absorbance Յ0.3055 and Ͼ0.3055, respectively. Once an individual became seropositive, those who had no HPV infection thereafter had the highest chance of losing the antibodies as compared with individuals who had infection with any HPV type in at least one visit. However, the specific HPV type with which an individual was infected subsequent to seropositivity did not appear to influence the duration of antibody. That is, subjects infected with HPV-16 were not more likely to retain antibody than those infected with HPV-16-related types or other HPV types. Individuals who had persistent HPV-16 infection for Ն2 visits also did not demonstrate a significantly altered risk to loose antibody. Rather, HPV infection with any types (RR ϭ 0.31, P Ͻ 0.001) and, particularly, infection in multiple visits (RR ϭ 0.67 for each additional visit with HPV infection, P ϭ 0.004), diminished the chance of losing the IgG antibodies
The relationships between behavioral factors and loss of IgG antibodies to HPV-16 VLPs were examined univariately by time-dependent Cox regression analysis (data not shown). Several indices for high sexual activity such as increased numbers of regular male partners for vaginal sex in the past 6 months and lifetime as well as years of vaginal sex experience were associated with a longer duration of antibodies in univariate anal- (Table 4) .
Seroconversion and Duration of IgA to HPV-16 VLPs.
Of the 442 women who were seronegative for IgA antibodies to HPV-16 VLPs at baseline and had at least one follow-up serum sample, 14 seroconverted, and the cumulative 36-month incidence of seroconversion was 4.3% (95% CI, 1.9 -6.6%). Similar to IgG, seroconversion of IgA was type specific. As compared with women who were HPV negative or had other HPV types, the relative risks for IgA seroconversion were 3.28 (P ϭ 0.304) and 33.50 (P Ͻ 0.001) for women who had HPV-16-related types and HPV-16 Յ time t, respectively; subjects with HPV-16 infection had a 10-fold increased risk for developing IgA than those with HPV-16-related types (P ϭ 0.027). Among the subjects who had an incident infection of HPV-16, 9 women or 37.0% seroconverted within 14 months. Six of the 9 IgA seroconverters had HPV-16 for Ն2 visits. Hence, unlike IgG, seroconversion of IgA tended to be associated with persistent infection with HPV-16 (RR ϭ 3.35, P ϭ 0.091).
Among the 40 women who were seropositive for IgA to HPV-16 VLPs and had follow-up after the first seropositive 
Discussion
It has been shown cross-sectionally in this and other study populations that antibodies to HPV-16 VLPs were predominantly type specific, and there appeared to be some crossreactivity with HPV-16-related types (3, 14) . At baseline, the seroprevalence of IgG to HPV-16 VLPs was 55% among women with HPV-16 DNA, 33% among those with HPV-16-related types, and 19% among those with other HPV types (15).
In the current study, we observed a similar pattern longitudinally that individuals with HPV-16 DNA were 8 -10 times more likely to have IgG or IgA antibodies to HPV-16 subsequent to the infection than those with HPV-16-related types. The latter group, in turn, had a higher seroconversion rate than women who had infection with other HPV types (RRs ϭ 5.66 for IgG and 3.28 for IgA). Seropositivity detected in some women infected with HPV-16-related types could be because of nontype-specific antibodies cross-reactive to HPV-16 VLPs. In our study, the maximum seroconversion rate of IgG after incident HPV-16 infection was 56.7% by 8 months. Carter et al. (16) reported that 59.5% of their subjects seroconverted within 18 months. The median seroconversion time was somewhat similar between the two studies (8.3 versus 11.8 months). These consistent data suggest that development of antibodies at a detectable level after a natural infection can be a slow process, and it does not necessarily occur in every women. Several factors may explain this phenomenon. (a) Antibodies to HPV-16 circulate at a low titer. In our study, the geometric mean absorbances among the seropositive samples were 0.534 for IgG and 0.267 for IgA, which approximated titers of 1:300 and 1:200, respectively. In some women, antibody levels might never have reached the seropositive cut point of the ELISA and were thus not detected as positive. (b) Low levels of antibodies need to be boosted over time, so a detectable seroconversion may take time. (c) Not every women maintains a detectable level over time. Seroconversion could be missed due to waning of antibodies, especially when blood samples were mostly obtained annually in this study. (d) Genetic background of the host such as the class II HLA alleles may determine an individual's humoral response to HPV infection (17, 18) . (e) Although it is possible that HPV-16 variants may have different immunogenicity (19) , most studies suggest that HPV-16 variants belong to a single serotype (20 -22) .
For the development of IgG antibodies to HPV-16 VLPs, we found that a high viral load of HPV-16 when the incident infection was first detected, rather than persistent infection, was a significant predictor. Other cross-sectional studies had also reported a positive correlation between viral load and the absorbance levels of IgG and hence an association between a high viral load and IgG seroprevalence (3, 6) . Some studies, however, identified persistent HPV-16 infection to be a significant factor associated with seroconversion of IgG (4, 5, 14, 16, 23) . These different results should not be viewed as contradictory. A high viral load and persistent infection with HPV-16 can be markers indicative of a sufficient antigenic exposure required for development of a detectable level of IgG. A high viral load may provide an antigenic dose that is acute and rapid, whereas a persistent infection maintains a slow gradual boosting effect.
The association between oral contraceptive pill (OCP) use at the time of blood draw and seroconversion of IgG to HPV-16 VLPs was intriguing. It was not due to confounding by condom use because the association remained significant even when usage of condoms was controlled for in the regression model. The fact that current use of OCPs was significantly associated with seroconversion, but having ever used OCPs in the last 6 months was not, argues for some biological effects of exogenous hormones on the detection of IgG antibodies. In this study, we did observe a cross-sectional relationship between current OCP use and high absorbance levels of IgG (data not shown). As glucocorticoid/progesterone response elements have been found in the HPV genome (24, 25) , OCPs may induce transcription of the viral capsid gene and increase seroreactivity of the host (5) .
In addition to exogenous hormones, another factor that was associated with high absorbance levels of IgG, and hence IgG seropositivity, was the presence of systemic IgA antibodies (8) . The level of serum IgA to HPV-16 VLPs could be indicative of a strong antigenic challenge as well as a marker for the host ability to mount a strong humoral response.
Previous studies found IgG antibodies to HPV-16 VLPs to be stable over time (16, 26, 27) . In our study, however, ϳ50% of the seropositive subjects had undetectable IgG levels within 36 months. The discrepancy may likely be due to the differences in the sensitivity and specificity of the ELISA among laboratories as well as the intensity of IgG response to HPV-16 among various populations. Despite these, various prospective studies have yielded some consistent observations: (a) The IgG response to HPV-16 after natural infection is generally weak. In another college population, Carter et al. (4) reported the average peak geometric mean titer from women who seroconverted was 1:104, which was not far from our average seropositive titer as mentioned above. (b) Low levels of IgG antibodies may fluctuate and wane over time, whereas high levels of antibodies are stable. Our study showed that over a maximum of 3-year follow-up since seroconversion, 18.9% of the individuals with initial IgG absorbance Յ 0.3055 remained seropositive as compared with 84.4% of those with an absorbance of Ͼ0.3055. In the study of Geijersstam et al. (26) , they also reported that almost all of the samples in the quartile group with the highest absorbance levels remained seropositive. In addition to a strong initial IgG response, having exposure to HPV of any types in multiple visits subsequent to seroconversion was another factor that was associated with a sustained detectable IgG antibody level. Carter et al. (16) also reported that individuals who were repeatedly HPV DNA negative after seroconversion tended not to have persistent IgG antibodies, and this phenomenon was true for antibody responses against HPV-16, HPV-18, and HPV-6. In our study, individuals who had infection with HPV-16, HPV-16-related types, or other HPV types were equally likely to have persistent IgG antibodies, suggesting that the sustained antibodies in women who had any HPV infection were not attributed to nontype-specific antibodies that cross-reacted with HPV-16 VLPs. However, T-helper cell responses to HPV L1 peptides have been shown to have marked cross-reactivity (28). It is possible that infection with different HPV types could induce activation of these cross-reactive T-helper cells, which enhance proliferation and survival of B cells primed by the HPV- 16 antigens. An alternative explanation is that detection of HPV DNA is a marker for high-risk sexual behavior and exposure (7, 8) . Hence, individuals with frequent HPV infection were likely to have reexposure to HPV-16. Individuals who had antibodies to HPV-16 could be protected from reinfection with HPV-16 (8), but such antigenic reexposure would boost the antibodies to a sustained detectable level.
There were a few differences in the natural history of IgA and IgG antibodies against HPV-16 VLPs. The seroconversion rate of IgA was lower than that of IgG; also, whereas seroconversion of IgA was associated with persistent infection with HPV-16, seroconversion of IgG was related to viral load. Because serum IgA to HPV-16 VLPs had a much lower concentration than IgG, it is not surprising that seroconversion of IgA was more difficult to detect than IgG. A continuous antigenic exposure from persistent HPV-16 infection as well as an intense but short exposure from a high viral load could both augment IgA. However, because IgA antibodies are short lived (29, 30) , a persistent HPV-16 infection would be more effective than a high viral load in maintaining the IgA at a detectable level, particularly in this study with annual serum samples.
Our data showed that there were long-term IgA antibodies to HPV-16, and they lasted just as long as the IgG: the median duration for both types of antibodies was ϳ3 years. However, unlike IgG, the likelihood of having persistent IgA antibodies was not associated with HPV infection in multiple visits, a presumable marker for antigenic exposure. The reason for such a discrepancy is not known.
In summary, antibodies to HPV-16 VLPs are predominantly type-specific, although there is also reactivity with HPV-16-related types. However, the antibody concentration tends to be low. A detectable seroconversion requires boosting of the antibody levels by a strong or sustained antigenic exposure; the markers for such antigenic exposure include high viral load or persistent infection with HPV-16 and use of OCP that may increase expression of the viral capsid gene. Therefore, seroconversion after a natural infection may take several months to become detectable. Antibodies to HPV-16 can persist for years if the initial antibody levels are high. Continued antigenic stimulation through subsequent exposure could serve as a periodic natural booster for sustained antibodies.
